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Abstract:  The control of grain size in superalloys is critical in the manufacture of gas turbine blades. The aim of 
the present research is to provide the technology for producing complicated hollow turbine blades with ﬁ  ne surface 
grains and better comprehensive mechanical properties. By melt superheating treatment and coating the internal 
surfaces of shell mould using a cobalt aluminate-bearing coating material, the inﬂ  uence of cobalt aluminate as 
inoculant on the surface grain sizes of turbine blade was studied with addition of cobalt aluminate: 0, 35%, 45% 
– 65% and 100% respectively. At the same time, the effects of cooling circumstances of the blades on surface 
grain sizes were also experimented under the same addition of cobalt aluminate. The results showed that the melt 
superheating treatment plays a signiﬁ  cant role in the grain size and carbide morphology; and ﬁ  ne surface grains 
were obtained when the internal surfaces of shell mould were coated using cobalt aluminate coatings. When 
the addition of cobalt aluminate in coating is between 45% - 65%, and the melt is poured into preheated shell 
moulds with ﬁ  ne silica sand as backing sand, the blades satisﬁ  ed the surface grain size requirement is over 90%. 
In addition, comparisons of the surface grain size and the mechanical properties were also conducted between 
home-made and foreign-made blades. 
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hin wall hollow turbine blade with complicated shape is 
a key component in the gas turbine engines. It serves at 
elevated temperatures and with sharp temperature variation 
at startup and shutdown. For the manufacture of such type 
of components, directional solidification investment casting 
technique have been employed in the past to produce single 
crystal or columar grain structure castings having improved 
mechanical properties at elevated temperatures. The modern 
and highly reliable turbine engines require the blades to 
withstand high temperature and sharp temperature variation. 
There has been a continuous demand for such gas turbine 
blades. 
  K465 is a cast nickel-based superalloy strengthened by γ’ 
precipitates and carbides after solid solution strengthening 
heat treatment. Due to its higher strength and better oxidation 
resistance at elevated temperature, the K465 alloy is often used 
as blades and vanes in aircraft gas turbine engines operating at 
elevated temperature (lower than 1,000 ℃). Due to the higher 
percent  γ’ strengthening phase (62vol% - 63vol%) and higher 
C content (0.15wt.% - 0.20wt.%) in the carbides and higher 
solid solution strengthening elements W, Mo and Nb (11.5wt.% 
-14.6wt.%) in the alloy, the ductility of the superalloy is 
lower 
[1]. Therefore, for the cast supperalloy containing higher 
carbides, correct casting process and strict process parameter 
control are very important.
  In general, the superalloy with coarse grain size has higher 
creep rupture strength than that with fine grain size, but its 
thermal fatigue property and thermal shock resistance are 
poor 
[1-2]. Literature showed that after the grain refinement 
treatment, the thermal fatigue property of Ni based alloy was 
increased from σ-1 = 1.8 × 10
7 Pa to σ-1 = 3.0 × 10
7 Pa, and the 
thermal shock resistance was also enhanced remarkably. So 
the control of surface grain size is critical in the manufacture 
of K465 nickel base superalloy turbine blades. The ﬁ  ne surface 
grain size in the present research may sacrifice some creep 
rupture strength, but it will beneﬁ  t the thermal fatigue property 
and thermal shock resistance. The refinement of grains is 
difficult to obtain in the blades by mechanical deformation 
process. Even though proper heat treatment, the effect of grain 
reﬁ  nement is also not obvious. The aim of the present research 
is to provide the technology for producing quality turbine 
blade castings with fine surface grain structure and better 
comprehensive mechanical properties. 
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1 Experimental details
The chemical composition (by weight) of the cast K465 
superalloy used in the present research is 0.16%-0.20%C, 
8.8%Cr, 10.1% Co, 10.5%W, 1.5%Mo, 1.03%Nb, 5.6%Al, 
2.6%Ti and Ni balance. The K456 alloy was remelted in a 
vacuum induction furnace consisting of an upper chamber 
housing a charger, a middle or melting chamber housing 
the M08 crucible, and a lower casting chamber housing an 
investment mould. The melting chamber and the casting 
chamber are connected via a small hole containing a stopper. 
A computer program governs the various cycles involved in 
the casting process. 
Ceramic shell molds coated with cobalt aluminate coatings 
were used to cast thin wall hollow blade castings and 
microstructure samples of 120 mm × 60 mm × 3 mm. In 
order to compare the effect of addition of cobalt aluminate in 
coatings on the surface grain size of turbine blades, different 
additions of 0, 35%, 45% - 65% and 100% cobalt aluminate 
in coating were used, respectively. After melting, the K456 
superalloy melt was superheated at 1,620 - 1,630 ℃ for 5 
min, then poured into the preheated ceramic moulds. The mold 
preheating temperature and pouring temperature were kept 
at about 1,000 ℃ and 1,550 ℃, respectively. Microstructure 
samples of 120 mm × 60 mm × 3 mm without melt 
superheating treatment were also cast for comparison to that 
with melt superheating treatment. At the same time, the effects 
of cooling circumstances of the blades on surface grain size 
were also experimented under the same coating conditions.
Microstructure specimens were cut from each blade body, 
polished and etched using 150 g FeCl3 + 40vol%HCl + 
60vol%H2O solution for the observation of the surface grain 
size under S360 SEM; the surface grain sizes were compared 
with that of foreign-made blades. Likewise, the microstructure 
samples of 120 mm × 60 mm  × 3 mm were also polished 
and etched using the same etchant for the observation of the 
surface grain size.
The blade castings and all the samples for inspecting the 
mechanical properties were solution heat treated in a vacuum 
heat treatment furnace at about 1,210 ℃ for 4 hours, then 
cooled in furnace to 1,000 ℃ followed by air cooling to 
room temperature. Mechanical property specimens were cut 
from the tip regions of the present research cast blades and 
foreign-made blades to compare their mechanical properties. 
The tensile test at room temperature was conducted on the 
ZDM5 tensile tester. Tensile strength at elevated temperature 
was tested on the WJ-10B tester, and creep test at elevated 
temperature of 975 ℃ with stress of 225 MPa was performed 
on the RCL-3 tester.
Microstructure specimens were cut from different locations 
of the blade bodies, polished and etched using 40vol%HCl 
+ 20vol%C2H5OH + 1.5g CuSO4 + 40vol%H2O etchant for 
observing microstructure and morphology of carbides under 
S360 scanning elect ron microscope (SEM), and for carbide 
composition is analyzed using Philips LEM420 transmission 
electron microscope (TEM).
2 Results and discussion
2.1 Effect of melt superheating treatment  on the 
microstructure and mechanical properties
The as-cast microstructure of K465 alloy consists of γ’ 
strengthening phase, (γ + γ’) eutectic phases, MC type of 
carbides and γ solid solution matrix, as shown Fig.1. MC 
carbides in the alloy are distributed within the equiaxed grains 
and at the grain boundaries as well. The carbides within the 
grains show Chinese script-like or skeleton-like morphologies, 
while the carbides at the grain boundaries show dispersed and 
blocky distribution, see Fig. 1. 
It is well known that the grain size is related to casting 
parameters and heterogeneous nucleation as well as the 
undercooling of the alloy melt, while the undercooling of 
the melt will be increased after melt superheating treatment, 
which has been found in the nickel-based superalloy 
[3]. 
Melt superheating treatment plays a significant role in the 
modification of grain size and carbide morphologies 
[4-5]. 
From the Fig.1, it can be seen that there exists a narrow and 
fine γ’ zone around eutectic structure (γ + γ’) in both the 
structures; however, ﬁ  ne γ’ zone is narrower, and the majority 
of Chinese script-like or skeleton-like MC carbides in the 
melt superheating treated specimen are smaller and much 
more dispersedly distributed compared with that without melt 
superheating treatment. Figure 2 is the morphology of as-
cast K465 alloy showing Chinese script-like or skeleton-like 
MC carbides. TEM analysis in Table 1 shows that the ﬁ  ne γ’ 
zone with melt treatment is enriched in Cr and Mo and has 
much lower W than that of the γ’ zone without melt treatment. 
That is to say, the melt superheating treatment decreases the 
interdendritic segregation of Cr and Mo, and reduces the ﬁ  ne 
γ’ zone signiﬁ  cantly; meantime, because the melt superheating 
treatment increase the undercooling of melt, and makes the 
distribution of alloying elements homogeneous due to thermal 
diffusion, the MC carbides distributed much more dispersedly, 
which, in turn, markedly improve room tensile properties, 
the instantaneous tensile properties at elevated temperature, 
elongation and stress-rupture properties of the alloy, see Table 2. 
2.2 The microstructure of K465 alloy after 
heat treatment 
After solution heat treatment, the Chinese script- or skeleton-
like MC carbides (dark grey) are dissolved into another type 
of carbide (white bright color) and surrounded by γ’(black), as 
shown in Fig. 3(a). MC carbides are highly enriched in Ti, Nb 
and W, and contain a small amount of Cr, Mo and Co; while the 
white bright carbides are enriched in the higher level of W, Mo, 
Cr, Co and contain a small amount of Ni and Ti; which indicate 
that both the carbides are the type of mixed carbides. The 
analysis of chemical composition using ESC showed that the 
black γ’ phase is enriched in Ni, Al, Ti, etc. The composition of 
the two types of carbides and black γ’ phase is listed in Table 3. 
The diffraction analysis shown in Fig.3(c) proves that the white 
bright carbides in Fig. 3 (a) are M6C type of carbides. Research & Development
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Fig.1:   The microstructure of cast K465 alloy before (a) and after melt 
superheating treatment (b)    
Fig. 2: Morphology of as-cast K465   
alloy showing Chinese script- 
or skeleton-like MC carbides 
Table 1: Chemical composition of ﬁ  ne γ’ phase before and after melt superheating treatment (at. %) 
Table 2:  Mechanical properties before and after the melt superheating treatment
          
Treatment                                   Tensile test temperature         Rm (MPa)                   RP0.2 (MPa)              A5 (%)               Z (%)
  
Without melt treatment  Room temperature                1,010                  885            3.5                    4.0
With melt treatment    Room temperature                   1,030                  890            8.0                  11.5
Without melt treatment         950 ℃                   910                  720            3.5                    3.0
With melt treatment           950 ℃                                 955                   835            9.0                    9.0
Without melt treatment             975 ℃ stress-rupture      Applied stress 225 MPa    Rupture time: 40 h and 25 min,   A5 (%) : 2.0
With melt treatment                  975 ℃ stress-rupture      Applied stress 225 MPa    Rupture time: 76 h and 43 min,   A5 (%) : 8.5 
                     (a) MC, M6C and γ’ phase                                 (b) MC and M6C carbides                 (c) Diffraction image of M6C carbide
Fig. 3:  Carbide morphologies of K465 alloy after solution heat treatment
       Treatment  Al           Co           Mo           Nb           W           Cr           Ti           Ni
With melt treatment                 9.51       13.39       2.09          0           3.81       17.66  2.46      51.07
Without melt treatment            7.20       13.16         0           0           6.07       15.11  2.16       56.3
Table 3: Phase composition of solution heat treated K465 alloy (at.%)
 Structure      W     Nb    Ti  Cr  Mo  Co  Ni   Al
   MC      7.8    21.9  46.9  1.1  0.1  0.1  -    -
   M6C     47.9     1.1  1.9  9.0  9.1  7.6  -                  -
    γ’      5.2     2.1  4.7  2.9  0.4  8.1  57.1  27.4
(c)
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2.3 Effect of addition of cobalt aluminate in 
coatings on K465 alloy
(a) Inoculation effect of cobalt aluminate coatings on the 
surface grain size of K465 alloy sample
Figure 4 shows the surface grain structure of K465 alloy 
microstructure samples of 120 mm × 60 mm  × 3 mm. It is 
(b) Inoculation effect of different cobalt aluminate 
addition in coating on the surface grain size of turbine 
blades
Figure 5 shows the surface grain structure of foreign-made 
turbine blade and the K465 alloy turbine blades made by 
the present research with the coatings of addition of cobalt 
aluminate 35%, 45% – 65% and 100%, respectively. 
It is seen from Fig.5 that the surface grain size of foreign-
Fig. 4: Surface grain sizes of K465 alloy samples of 120 mm x 60 mm x 3 mm
seen from Fig. 4 (a) that coarse surface grains were obtained 
for the sample without using cobalt aluminate coating; the 
grain sizes are between  Φ 2-8 mm. While for samples with 
cobalt aluminate coating, the grain sizes are between  Φ 0.5–3.5 
mm, and the surface grain is much ﬁ  ner compared with that of 
without using cobalt aluminate coating, see Fig.4 (b). 
made blade is between  Φ 0.5-3.5 mm. The blades produced 
using the present research process with different addition of 
cobalt aluminate in the coating have nearly the same surface 
grain size compared to foreign-made blade. When the addition 
of cobalt aluminate in the coatings is up to a certain value, the 
change of the concentration has a little inﬂ  uence on the surface 
grain sizes of turbine blades. 
Fig. 5: Surface grain sizes of foreign-made blade and the present research made blades using ceramic shell molds 
            and coated  with different additions of cobalt aluminate in the coatings
       (a) Without cobalt aluminate inoculation    (b) With cobalt aluminate inoculation, the addition 
        of cobalt  aluminate is 100%
(a) Foreign-made blade, (b) (c) and (d) blades made using 35%, 45%-65% and 100% cobalt aluminate-containing coating, 
respectively
(a) (b) (c) (d)Research & Development
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(c) Effect of different cooling circumstances and the 
additions of cobalt aluminate in coatings on the surface 
grain sizes of the blades
Table 4 lists the effect of different cooling circumstances and 
additions of cobalt aluminate in the coatings on the surface 
grain sizes of the blades; all the blades were cast in the coated 
and preheated shell moulds. When the addition of cobalt 
aluminate in coating material is 100%, for the moulds using 
coarse silica sand as backing sand, 63.64 percent of the turbine 
blades can satisfy the prescribed surface grain requirement, and 
for the moulds using fine silica sand as backing sand, 83.33 
percent of the turbine blades can satisfy the prescribed surface 
grain requirement, showing a increase of nearly 20% compared 
to using coarse silica backing sand. When the addition of 
cobalt aluminate is 35%, for the moulds using ﬁ  ne silica sand 
as backing sand, 83.33 -  90.48 percent of the turbine blades 
can satisfy the prescribed surface grain requirement, showing 
a slight difference to the one the addition of cobalt aluminate 
in coating is 100%, which implies that when the addition 
of cobalt aluminate is up to 35%, the further increase in the 
concentration has a little inﬂ  uence on the grain sizes of turbine 
blade surface. But when using fine silica sand as backing 
sand and further covered by 10 mm thick asbestos mat, only 
25 percent of the turbine blades can satisfy the surface grain 
requirement. It is obvious that the cooling circumstances 
of blades have a great influence on the surface grain size of 
turbine blades. When the addition of cobalt aluminate is 45% – 
65% and the blades were poured using preheated shell mould 
and ﬁ  ne silica sand as backing sand, the blades satisﬁ  ed surface 
grain requirements is over 93%, showing the best result among 
the different processes.  
Table 4: The effect of different cooling circumstances and  additions of cobalt aluminate in coating  
on the surface grain size of blades
 22              8                                        100                  Φ 3–5 mm coarse silica sand as backing sand          63.64
 54              9                                        100                  Φ 1–3 mm ﬁ  ne silica sand as backing sand                          83.33
 42              7                                         35                  Φ 1–3 mm ﬁ  ne silica sand as backing sand                          83.33
 42              4                                         35                  Φ 1–3 mm ﬁ  ne silica sand as backing sand                          90.48
                                                                                          Φ 1–3 mm ﬁ  ne silica sand as backing sand and                     
                                                                                                                            coverd by 10mm thick asbestos mat 
 59             3                                      45–65                  Φ 1–3 mm ﬁ  ne silica sand as backing sand                          94.92
 48             2                                      45–65                  Φ 1–3 mm ﬁ  ne silica sand as backing sand                          95.83
 48             3                                      45–65                  Φ 1–3 mm ﬁ  ne silica sand as backing sand                          93.75  
Number 
of blades 
poured 
Number of blades 
failed surface grain size 
requirement
Addition of cobalt 
aluminate (%)
Cooling circumstance
Percent of blades satisﬁ  ed 
surface grain size 
requirement (%)
(d) Comparison of mechanical properties of blades with 
cobalt aluminate coating and foreign-made blade
Mechanical properties of micro specimens cut from the rabbet 
region of blades, are listed in Table 5.
Table 5:  The mechanical properties of turbine blades
               at room and elevated temperature           
                     Tensile at RT       975℃ stress-rupture
                       Rm             A5       Applied stress    Rupture time
                                    (MPa)         (%)           (MPa)                  (h)
                   775-800 10.0-15.0     225                56.3-68.0
Foreign-made   780-810   7.0-7.5      225            46.8-54.5
Blade
(e) Mechanism of the blade surface grain reﬁ  nement  
The CoAl2O4(CoO•Al2O3) cobalt aluminate as an inoculant 
coated on the internal surfaces of shell moulds can effectively 
promote non-spontaneous nucleation 
[6-8]. The mechanism of 
promoting inoculation is as following:  
The microstructure of K465 alloy consists of γ’ 
strengthening phase, (γ + γ’) eutectic phases, MC type of 
carbides and γ matrix. The main structure phase is γ of fcc 
structure with lattice constant of 3.54Å. Cobalt can also occur 
as fcc structure with lattice constant 3.55Å, and the lattice 
structure and constant of cobalt are very similar with that of 
Ni, thus cobalt particles can act as the nucleation substrates for 
Ni crystallization during solidiﬁ  cation of the superalloy 
[6-7]. 
Because the reaction between the cobalt aluminate in coating 
and molten alloy is exothermic, the formed ﬁ  ne grains on the 
surface of blade castings are not caused by “surface chilling”. 
There are some active elements in the K465 alloy such as C, 
Cr, Ti, Al, etc; CoO can be reduced by all the active elements 
into Co in the pouring temperature range. Their reducibility is 
in the order of Al > Ti > Cr > C. When these active elements 
react with CoAl2O4 on the surface of the preheated shell molds 
at elevated temperature, the pure metallic Co micro particles 
(about 2 μm in size, 0.02 mm in the depth or thickness) can be 
formed on the surface of the mold. The reaction equations are 
as follows (q in the equations are the liberated heat):  
  CoAl2O4 + 2/3 Al → 4/3 Al2O3 + Co + q                   (1)
  CoAl2O4 + 1/2Ti → 1/2TiO2 + Al2O3 + Co + q          (2)
  CoAl2O4 + 2/3 Cr →1/3 Cr 2O3+Al2O3 + Co + q        (3)
  CoAl2O4 + C → CO + Al2O3 + Co + q                       (4)
All the above four reactions have reaction product, pure Co 
micro particles, to be formed. The research work by Wang 
Jianan 
[10] and Rappaz et al. 
[11] showed that Co particles are the 
real nuclei of crystallization. If the preheating temperature of 
shell molds is suitable, the reaction time between the active 
Produced
by present research
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elements of Cr, Al, Ti, C in molten alloy and inoculant cobalt 
aluminate in the coating can be prolonged, so the number of 
formed effective nuclei (the Co particles) can increase. Under 
the same undercooling, the increased effective nuclei will lead 
to increased grain number, thus resulting in more uniform 
grain distribution. Contrarily, under the same conditions, if 
the shell mold preheating temperature is lower, the reduced 
Co particles are reduced, leading to coarser grain size and 
uneven grain distribution. If increasing pouring temperature 
alone, the reaction time between active elements Cr, Al, Ti and 
C in molten alloy and inoculant cobalt aluminate in coating 
is prolonged and the reduced Co particles are also increased; 
but some of the Co particles may be re-melted due to local 
overheating of the molten alloy. That is the reason why under 
the same pouring temperature and the same suitable shell 
mold preheating temperature, for the molds using coarse silica 
sand as backing sand, the surface grains at the basin region 
of blades are coarse, while the surface grains at inlet and vent 
sides of blade are ﬁ  ne, the blade failed the surface grain size 
requirements. 
The effect of the surface grain refinement of high cobalt 
content in the coating is not always better than that of low 
cobalt content. On the contrary, under certain conditions, the 
effect of the surface grain refinement of low cobalt content 
coating may be better than that of high cobalt content coating. 
This is because when the ratio of Co2O3 to Al2O3 is low, 
the solid particles of the coating consist of a Co2O3 core 
surrounded by a lay of blue cobalt aluminate, which increases 
the dispersion degree of cobalt aluminate. Compared to the 
high cobalt content inoculant, the low cobalt content inoculant 
also increased its active nucleation agent particulates in coating 
slurry, thus strengthened the non-spontaneous nucleation 
factor and benefited grain refinement. When the addition of 
cobalt aluminate is between 45%–65%, the blades satisﬁ  ed the 
surface grain size requirement reach 90%; so the 45% – 65% 
addition of cobalt aluminate is a suitable range. 
The other non-ignorable factor inﬂ  uencing the surface grain 
size of blades is the grain size of backing sand. The Φ 3–5  mm 
coarse silica backing sand has smaller thermal storage than 
the Φ1–3 mm ﬁ  ne silica backing sand because of larger gaps 
between sand grains. During solidiﬁ  cation, the same amount of 
latent heat released at the crystallization front will cause a higher 
shell mould temperature increase and a lower undercooling of 
solidiﬁ  cation front of blade castings, thus resulting in less nuclei 
number and less uniformed grain distribution. 
For the Φ 1 – 3 mm ﬁ  ne silica sand backing sand, since it has 
higher thermal storage, the same amount of latent heat released at 
the crystallization front will cause a less shell mould temperature 
increase and higher undercooling of solidification front of 
blade castings, thus leading to ﬁ  ne dendrites, less interdendritic 
microsegregation, reduced zones of (γ + γ’) eutectic structure and 
more uniformly distributed MC carbides in the matrix
 [5].
When using ﬁ  ne silica backing sand and further covered by 
a 10 mm thick asbestos mat, coarse grains of about Φ 3.0 mm 
appeared at the basin and back regions of the blades. This is 
maybe because the poor heat dissipation caused by ﬁ  ne backing 
sand and asbestos mat, which results in local overheating. For 
the case using ﬁ  ne silica backing sand and further covered by a 
10 mm thick asbestos mat, 75 percent of the cast blades failed 
to meet the surface grain size requirement.
K465 alloy turbine blades are thin wall hollow castings 
with complicated shape and curved surface; which also 
require equiaxial crystal structure. A small variation in 
temperature can lead to an obvious inﬂ  uence on the grain size, 
microstructure and casting defects such as misrun, hot tear 
etc. Therefore, the control of the investment casting process is 
very critical in the manufacture of turbine blades. Any small 
variation of process parameters will result in a drop of blade 
casting quality.    
 4 Conclusions
(1) After melt superheating treatment, the mechanical properties 
of turbine blades are improved because the interdendritic 
segregation of Cr and Mo is reduced, the γ’ zone is narrowed and 
MC carbides are much more dispersedly distributed.
(2) When coating the internal surfaces of shell mould using 
coatings containing cobalt aluminate, ﬁ  ne surface grains are 
obtained. 
(3) When using 45%-65% addition of cobalt aluminate in 
the coating and using preheated shell moulds with fine silica 
sand as backing sand, the blades satisﬁ  ed the surface grain size 
requirement is over 90%. 
(4) Experiments showed that the manufacturing technology of 
this research developed can obtain quality turbine blades with ﬁ  ne 
surface grains and better comprehensive mechanical properties.
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